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ABSTRACT 
 In this paper, we demonstrate the possibility of efficient adiabatic nano-focusing of 
gap plasmons by sharp metallic V-grooves or dielectric wedges covered with metal. Geomet-
rical optics approach and the approximation of continuous electrodynamics are used for the 
analysis. In particular, it is demonstrated that both the phase and group velocities of an inci-
dent symmetric (with respect to the magnetic field) plasmon tend to zero at the tip of the 
groove, and the plasmon adiabatically slows down, eventually dissipating in the metal. The 
amplitude of the plasmon strongly increases near the tip of the groove. However, unlike nano-
2focusing by a sharp metal conical tip, even in the absence of dissipation, the amplitude of the 
plasmon near the tip of a V-groove remains finite. The dependence of the maximal local field 
enhancement on structural parameters, dissipation in the metal, angle of incidence, etc. is ana-
lyzed. It is also shown that a symmetric gap plasmon can effectively be guided by the groove, 
forming a channel plasmon-polariton – a special plasmon mode propagating along the tip of a 
metallic V-groove. A new existence condition for these strongly localized plasmon-polaritons 
is derived and discussed.
PACS codes: 78.67.–n;  68.37.Uv;  73.20.Mf  
1. INTRODUCTION 
 One of the major directions of research in modern photonics and nano-optics is related 
to the theoretical, numerical, and experimental investigation of strongly localized plasmons in 
metallic nano-structures. This is because these waves and structures offer unique opportuni-
ties for design of new plasmonic devices and waveguides for integrated optics with sub-
wavelength localization [1-21], high-resolution near field optical microscopy [2,22-30], and 
strong increase of local field resulting in such non-linear effects as, for example, giant surface 
enhanced Raman scattering [30-34], etc.  
 A number of different metallic nano-structures have recently been considered for the 
development of efficient sub-wavelength plasmonic waveguides. These include metallic 
nano-rods [6,7] and nano-strips [8-11], nano-chain waveguides made of periodically spaced 
metallic nano-particles [3-5], waveguides in the form of a metallic trapezium nano-wedge 
[12,13], and waveguides with gap plasmons [14-16].  
Recently, a new type of plasmonic sub-wavelength waveguide with a number of supe-
rior features has been suggested and described [17-19]. This waveguide is formed by a V-
3groove on a metal surface, and a strongly localized channel plasmon-polariton (CPP) propa-
gates along this groove, being localized near its tip [17-20]. The localization of CPP near the 
tip depends on the groove angle, decreasing which results in a rapid increase of the CPP local-
ization near the tip. Typical values of the groove angle that are required for strong sub-
wavelength localization are usually below ~ 30
o
 – 40
o
 [17-19]. The main advantages of the 
considered groove plasmonic waveguides include strong sub-wavelength localization [17-19], 
relatively weak dissipation and larger propagation distances [17,18], broad-band transmission 
[17-19], possibility of nearly 100% transmission through sharp bends [19], single-mode op-
eration achieved simply be reducing depth of the groove, so that higher modes are not guided 
by the structure [18], a possibility of design of effective filters and Fabry-Perot resonators 
[21], etc.
 One of the major problems of nano-optical design is related to difficulties with effi-
cient coupling of light into metallic nano-structures and waveguides. This is because an inci-
dent laser beam cannot be focused by means of the conventional optics into a region that is 
less than O/(2n) (the diffraction limit of light), where O is the wavelength in vacuum and n is 
the refraction index of the medium. Therefore, creating nano-scale optical devices and inter-
connectors does not make much sense without being able to effectively communicate with 
each of these devices/waveguides without interference with other integrated elements. This, 
however, is difficult to achieve by means of the conventional optics due to its insufficient 
resolution.
One of the possible solutions of this problem is associated with adiabatic nano-
focusing of light by metallic nano-structures [22-27]. Nano-focusing is concentration/focusing 
of light into a region with dimensions that are significantly smaller than those allowed by the 
diffraction limit of light. It also results in strong enhancement of local electromagnetic fields 
in the region of focusing, for example, near the tip of a tapered optical fiber covered with 
metal [24-26], at the tip of a metallic nano-rod [27,30], or near the tip of a triangular probe of 
4a near-field optical scanning microscope [28,29]. For example, it has been demonstrated that 
in the approximation of the continuous electrodynamics and in the absence of dissipation, the 
amplitude and localization of a plasmon propagating along a tapered metallic nano-rod tend to 
infinity as the plasmon approaches the tip [27]. This type of nano-focusing is to some extent 
analogous to using a spherical lens in the conventional optics, but with much stronger field 
localization at the focus (i.e., at tip of the tapered rod). Both phase and group velocities of the 
plasmon were shown to decrease to zero at the tip of a sufficiently sharp conical metal tip 
[27], the plasmon asymptotically stops and eventually dissipates in the metal.  
 Similar situation can be expected to occur in the case of gap plasmons propagating in a 
metallic gap with slowly varying width (sharp V-shaped groove). Such two-dimensional 
nano-focusing will be analogous to a cylindrical lens for bulk waves, but with a much 
stronger field localization in the focal line (at tip of the groove). Experimentally, such focus-
ing and strong enhancement of the local field have been observed in [28,29]. However, the 
current absence of a consistent theory of adiabatic plasmon nano-focusing by wedge-like 
structures results in a lack of physical understanding of the phenomena associated with near-
field optical microscopy [2,27-29] and sub-wavelength localization in metallic nano-
structures. The current unanswered questions include absence of understanding of physical 
limitations of the two-dimensional nano-focusing, optimization of the focusing structures, the 
effect of dissipation in the metal on the local field enhancement, etc.
 Therefore, the main aim of this paper is to investigate theoretically adiabatic nano-
focusing of plasmons by a sharp V-groove in a metal, filled with dielectric (dielectric wedge 
with slowly varying thickness covered by metal). Geometrical optics approach (GOA) will be 
used for the analysis of symmetric (with respect to magnetic field) gap plasmons incident onto 
the tip of a sharp groove (gap with slowly varying width). Strong enhancement of the ampli-
tude of an incident symmetric gap plasmon, and adiabatic decrease of its phase and group ve-
locities to zero will be shown to occur near the tip of the groove with and without dissipation 
5in the metal. We will also show that a CPP mode in a sufficiently sharp groove can be repre-
sented by a gap plasmon successively reflecting from the tip of the groove and a turning point 
(simple caustic). As a result, a new existence condition for CPP modes, i.e. a lower critical 
angle of the groove, below which CPP modes are infinitely localized (i.e., do not exist), will 
be determined.  
2. GEOMETRICAL OPTICS APPROXIMATION FOR GAP PLASMONS 
 The analyzed structure is presented in Fig. 1a. A deep V-groove with a small angle E
(the conditions restricting E are presented below) is formed in a metal with the complex per-
mittivity H2 = e1 + ie2 (e1 < 0, e2 > 0). The coordinate axes are as indicated in the figure. The 
depth of the groove along the y-axis is assumed to be sufficiently large, so that two plasmons 
propagating on the opposite sides of the groove at the top of the groove can be regarded as 
uncoupled (i.e., the maximal width of the groove should noticeably exceed the penetration 
depth of the surface plasmons into the dielectric material filling the groove). For mathematical 
simplicity, we will assume that the depth of the groove is infinite. The dielectric permittivity 
H1 of the material inside the groove is real and positive, and °e1° > H1 (existence condition for 
surface and gap plasmons [35]).  
 Consider two surface plasmons of the same frequency on the opposite sides of the 
groove, both propagating towards the tip of the groove at the same angle of incidence with 
respect to the y-axis. At a large distance from the tip of the groove, where these plasmons can 
be regarded uncoupled, this angle of incidence is T0 (Fig. 1b). As the two plasmons travel to-
wards the tip of the groove, the width of the groove becomes smaller, and eventually the 
plasmons become coupled across the gap (groove), forming a gap plasmon. If the magnetic 
fields in the two incident surface plasmons are in phase with each other, and have the same 
amplitudes, then the resultant gap plasmon will be a symmetric gap plasmon. If the magnetic 
fields in the incident plasmons are in antiphase, and have the same amplitudes, then the resul-
6tant gap plasmon will be an antisymmetric gap plasmon. In this paper, we will mainly concen-
trate on propagation of symmetric gap plasmons (with symmetric distribution of the magnetic 
field across the gap). These plasmons do not have a cut-off gap width and can exist in arbi-
trarily narrow gaps, i.e., arbitrarily close to the tip of the groove.
 As the symmetric gap plasmon propagates towards the tip of the groove, it will ex-
perience changing width of the groove (gap). This means that the effective dielectric permit-
tivity of the structure Heff = (q/k0)2 also changes. Here, q is the wave number of the symmetric 
gap plasmon (depending on gap width h), and k0 = Z/c, where Z is the angular frequency of 
the wave, and c is the speed of light in vacuum. Propagation of the gap plasmon can be con-
sidered in the geometrical optics approximation (GOA) (or, using the terminology of quantum 
mechanics, in the WKB approximation), if variations of the wave vector of the plasmon are 
small within distances of the order of one wavelength in the structure [27,36]:
_d(Q1y-1)/dy_ << 1,          (1) 
where Q1y is the y-component of the real part of the wave vector q of the gap plasmon in the 
groove (Fig. 1b). If condition (1) is satisfied for all values of y, then the symmetric plasmon 
can be approximated by a plane wave at any point along the direction of its propagation 
(along a plasmon ray – Fig. 1b), and the groove can be regarded as a gap with slowly varying 
width. The distribution of the field, dispersion and dissipation of the gap plasmon will then be 
approximately the same as for the plasmon in a uniform gap of the width that is equal to the 
local width of the V-groove at the considered point on the plasmon ray (i.e., at the considered 
distance from the tip of the groove – Fig. 1).
 The wave number of a symmetric gap plasmon is given by the dispersion relation ob-
tained from the Maxwell equations and the conventional boundary conditions at the gap 
boundaries:
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h is the local width of the V-groove (gap):
)2/tan(y2h E ,         (4)
Let us now assume that dissipation is weak, i.e. e2 << °e1°. The opposite case is not 
interesting, since if dissipation is strong, the plasmon will not be able to propagate noticeable
distances in the structure. If dissipation is weak, then Q2 << Q1, where Q1 and Q2 are the real 
and imaginary parts of the complex wave number q = Q1 + iQ2. In this case, if the gap width 
is small: h o 0 (e.g., at the tip of the groove) and
hRe(D1) << 1,         (5)
then Eq. (2) can be simplified as:
 Q1 | – 2H1/(e1h).         (6)
Note that Eqs. (5) and (6) are consistent with each other only if H1/°e1° << 1, which is usually 
the case for good metals. Eq. (6) suggests that decreasing h to zero results in increasing wave 
number of the gap plasmon to infinity, which is equivalent to decreasing its wave length to 
zero. As a result, the phase velocity of the plasmon vph = Z/Q1 o 0, when h o 0 (or y o 0 
near the tip of the groove – Fig. 1). Similarly, in this approximation, the group velocity of the 
plasmons vg = wZ/wQ1 | he12(2H1de1/dZ)-1 o 0 as h o 0 (i.e., near the tip of the groove).
The same result can be obtained from the direct numerical solution of Eq. (2). In this 
case, condition (5) is not necessary. The numerical dependencies of the wave number Q1 of a 
8symmetric plasmon on gap width h are presented in Fig. 2a for different dielectric permittivi-
ties of the metal and dielectric filling the groove. The presented values of e1 correspond to sil-
ver at the indicated wavelengths – see the figure caption.
 It can be seen that decreasing h to zero results in a rapid in crease of the wave number 
of the gap plasmon. This increase is faster for smaller magnitudes of the metal permittivity 
and larger amplitude of the permittivity of the dielectric filling the groove. It can be said that 
for every gap thickness h, increasing the ratio H1/°e1° results in a monotonous increase of the 
wave number of the symmetric gap plasmon.  
 Eq. (6) and Fig. 2a suggest that in GOA, gap plasmons asymptotically stop at the tip 
of the groove, similarly to strongly localized one-dimensional plasmons stopping at the tip of 
a sufficiently sharp metallic cone [27]. This will occur for all angles of incidence T0 < S/2
(Fig. 1b). As the plasmon propagates towards the tip of the groove, the y-component Q1y of 
the real part of its wave vector Q1 will increase to infinity. Therefore, irrespectively of the ini-
tial incidence angle T0 (as long as T0 < S/2), the wave vector of the plasmon near the tip is 
perpendicular to the x-axis, which makes the plasmon ray turn perpendicular to the tip of the 
groove Fig. 1b. Note however, that all these conclusions are correct only if the applicability 
condition (1) for GOA is satisfied for all values of y. In this case, no reflection occurs from 
the tip of the groove – the plasmon propagates towards the tip, adiabatically slows down, and 
eventually dissipates in the metal.  
 Fig. 2b presents the y-dependencies of the left-hand side of condition (1) for the con-
sidered silver-dielectric structure with the groove angle E = 2o. For all values of y (distance 
from the tip of the groove – Fig. 1), at which the graphs in Fig. 2b are significantly below 1, 
GOA is applicable. It can be said that for the structures corresponding to curves 3 – 5 GOA is 
applicable for all distances from the tip of the groove, while for the structures corresponding 
to curves 1 and 2 GOA is applicable only for y Ҕ 1 Pm. It can be seen that increasing per-
9mittivity of the dielectric in the gap results in improving applicability of GOA (compare
curves 2 and 4, and curves 3 and 5). Increasing magnitude of the real part of the metal permit-
tivity results in worsening applicability of GOA (compare curves 1, 2 and 5). This is because 
the wave vector of the gap (and surface) plasmon increases, and the wavelength decreases, if 
H1 o °e1°. As a result, variations of the gap width within one wavelength become smaller,
which ensures better applicability of GOA. Decreasing angle of the groove also results in im-
proving applicability of GOA (compare curves 2 and 4).
At large distances from the tip, GOA is always applicable, since in this case the two 
surface plasmons forming the symmetric gap plasmon become uncoupled. Therefore, slow or 
rapid variations of the gap width hardly affects their dispersion (as long as the width of the 
gap is noticeably larger than the penetration depth of the surface plasmons into the dielectric).
It is interesting that near the tip, the applicability condition for GOA (Eq. (1)) can be 
significantly simplified, which results in important conclusions about the behavior of plas-
mons in the considered structures. Using Eqs. (4) and (6), taking into account that near the tip 
(at h o 0) Q1y | Q1, and considering small groove angles E << 1, condition (1) can be re-
duced as: 
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or
E << Ec2 = – 2H1/e1,         (8)
where Ec2 is the critical angle of the groove, such that GOA is applicable only for angles that 
are significantly smaller than Ec2 (the reason for using index 2 will be clear in section 4).
10
 For example, for the silver-vacuum structure and the vacuum wavelength Ovac = 
0.6328 Pm (He-Ne laser) we have: e1 = – 16.22 [37,38], and Ec2 | 7o. This is the reason why 
curve 3 in Fig. 2b, corresponding to the groove angle E = 2o lies significantly below 1, and 
thus the applicability condition for GOA is approximately satisfied.  
 It is interesting that the left side of inequality (7) does not depend on gap width h. This 
is the reason why all the graphs in Fig. 2b reach plateaus at small values of y. The dependen-
cies in Fig. 2b tend to – Ee1/(2H1) as y o 0.
If condition (8) is not satisfied (i.e., E Ҕ EE), then GOA is not applicable near the tip 
of the groove, and the incident plasmon may experience noticeable reflection from the tip. 
Physically, these reflections will take at every point on the ray where the applicability condi-
tion for GOA is not satisfied. Decreasing real part of the metal permittivity e1 and increasing 
permittivity H1 of the dielectric medium in the groove result in increasing critical angle Ec2,
and the applicability condition for GOA becomes less restrictive (curves 1, 2 and 5 in Fig. 
2b).
3. PLASMON RAYS 
 A plasmon ray, i.e. a curve parallel to the direction of the wave vector of the plasmon 
at any point on this curve (or trajectory along which the plasmon propagates in the structure), 
is determined by the angle T between this ray and the y-axis (Fig. 1b). This angle at a arbitrary 
value of y can be determined from the Snell law which suggests that the x-component of the 
wave vector of the plasmon must be independent of y (since the structure is uniform along the 
x-axis). Therefore,
 Q01sinT0 = Q1sinT,          (9) 
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where Q01 is the real part of the wave number q0 = Q01 + iQ02 of the gap plasmon at y o + f.
Note that since at y o + f the two plasmons on the groove sides are uncoupled, q0 must be 
equal to the wave number of a plasmon on an isolated interface between the media with the 
permittivities H1 and H2 [35]: 
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If dissipation is weak, i.e., Q2 << Q1, then a plasmon ray can be determined by the fol-
lowing algorithm. The real part of the plasmon wave number Q1 is approximately determined
by Eq. (2) with H2, D1, and D2 being replaced by e1 and D01, and D02, respectively:
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Eq. (11) is solved numerically to determine Q1 as a function of gap width h. Then, 
choose an incidence angle 0 d T0 < S/2, at which the gap plasmon propagates with respect to 
the y-axis at sufficiently large distances from the tip of the groove, where the two surface 
plasmons forming the incident symmetric gap plasmon are approximately uncoupled (Fig. 
1b). Then the angle T between the plasmon ray and the y-axis at any point on the ray is given 
by Eq. (9). Therefore, if we know the position of some point with the coordinates (x,y) on the 
ray, then the position of the next point with the coordinated (x + dx, y + dy) on the same ray is 
determined by the angle T at the point (x,y) and the value of dy. Thus, the plasmon ray can be 
determined if we know the position of some the initial point through which the plasmon ray 
12
propagates. Suppose that this point is chosen on the y-axis. Then the typical plasmon rays for 
different incidence angles T0 and different groove angles are presented in Fig. 3.
 All the curves in Fig. 3 are orthogonal to the x-axis at y = 0. As indicated above, this is 
because at the tip of the groove, the y-component of the wave vector of the gap plasmons 
turns to infinity.  
 It is interesting to note that the plasmons rays are determined only by the Snell law. 
Applicability conditions for GOA should not necessary be satisfied in order to determine the 
curves that are parallel to the direction of the wave vector of the plasmons. Therefore, the 
proposed procedure and the typical plasmon rays do not depend on whether GOA is applica-
ble or not. At the same time, if GOA is not applicable, plasmons should experience reflection 
in the groove, and there should be rays corresponding to the reflected plasmons.  
4. NANO-FOCUSING OF GAP PLASMONS  
 If a gap plasmon propagates along a ray determined in Section 3, then in the absence 
of dissipation the y-component of the energy flux in this plasmon must be constant along the 
ray. Indeed, consider a plane plasmon wave incident onto the tip of the groove at an angle T0,
and consider a box that has sufficiently large dimensions along the z-axis, so that the field of 
the gap plasmon is significant only for values of z inside the box (Fig. 4).
 Since the structure is uniform along the x-axis (along the tip of the groove), the energy 
inflow into the box through its left side is exactly cancelled by the energy outflow through the 
right side (Fig. 4). Therefore, the energy conservation in the box suggests that the y-
component of the energy flux S1 (per unit length of the x-axis) in the gap plasmon at the top 
side of the box must be equal to the y-component of the energy flux S2 in the gap plasmon at 
the bottom side of the box. If, for example, the top side of the box is far away from the tip, so 
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that the two surface plasmons forming the gap plasmon are uncoupled, then energy conserva-
tion in the box gives
 S0cosT0 = ScosT,         (13)
where S0 is the energy flux in the gap plasmon (i.e. two uncoupled surface plasmons) at large 
distance from the tip of the groove, and S and T are the energy flux and angle of propagation 
of the plasmon at an arbitrary point on the plasmon ray (for simplicity, we have omitted here 
the index 2 for the energy flux at the bottom side of the box Fig. 4). Note again that Eq. (13) 
is valid only in the assumption of zero dissipation in the metal.
The energy flux S in the gap plasmon at an arbitrary gap width h is given by the 
Poynting vector averaged over the period of the wave Z/2S and integrated over the z-
coordinate from – f to + f:
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where H20 is the amplitude of the magnetic field at either of the metal interfaces.
Thus, in order to obtain the amplitude of the incident plasmon as a function of distance 
from the tip of the groove in the absence of dissipation, we use the following procedure. De-
termine (numerically) Q1 from Eq. (11) for different values of h (Fig. 2a), which automati-
cally gives the dependence of Q1 on y – see Eq. (4). Then we use Eq. (9) to determine the an-
gle T between the wave vector of the gap plasmon and the y-axis as a function of y, calculate 
S(y) from Eq. (14), and use Eq. (13) to determine the amplitude of the plasmon H20(y), as-
suming that the amplitude of the incident plasmon at infinity H200 = 1 (recall that we consider 
the structure without dissipation).
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The corresponding y-dependencies of the plasmon amplitude H20(y) are presented in 
Figs. 5a,b for zero dissipation in the metal (Q2 = 0). In particular, it can be seen that as the 
plasmon propagates towards the tip of the groove, a significant increase in its amplitude oc-
curs, resulting in a nano-focusing effect in the considered groove structure. However, it is im-
portant to understand that contrary to nano-focusing by means of a sharp conical tip [27], the 
enhancement of the local field in a sharp groove is finite even in the absence of dissipation, 
despite the decrease to zero of the wavelength and both phase and group velocities of the 
plasmon near the tip (similar to [27]). As can be seen from Figs. 5a,b, the maximal enhance-
ment of the local field near the tip in real situations is limited by a factor of ~ 10 or less, and 
the y-dependences of the plasmon amplitude tend to plateaus at small values of y (or h). The 
same result can also be seen directly from Eq. (14). Indeed, if h o 0 and condition (5) is satis-
fied, then D10 | D20 | Q1, Q1 is given by Eq. (6), and Eq. (14) can be reduced as
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which is independent of h (or y). Therefore, at sufficiently small values of h (or y) the energy 
flux in a symmetric plasmon does not vary with variations of gap width, despite the fact that 
the wavelength of the plasmon (and its phase and group velocities) tend to zero when h o 0. 
The Poynting vector in the plasmon increases with increasing Q1, but this is cancelled by in-
creasing localization of the plasmon (due to decreasing its wavelength), resulting is the total
energy flux S in the plasmon being independent of h (at sufficiently small h).
In practice, sharp grooves with an ideal triangular shape are not achievable due to 
atomic structure of matter. In addition, the discussed approach is based upon the approxima-
tion of the continuous electrodynamics, which is applicable only down to dimensions of the 
tip of ~ 1 nm [39,40]. Below these dimensions, spatial dispersion of the dielectric permittivity
has to be taken into account [27,39,40]. However, it is important that the maximal achievable 
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enhancement of the local field in the considered structures is achieved at the distances from
the tip of ~ 30 nm (Fig. 5), which corresponds to the size of the tip of ~ 1 nm. Therefore, the 
maximally achieved enhancement of the local field can be considered in the assumed ap-
proximation of continuous electrodynamics for most of practically reasonable structures.
Increasing dielectric permittivity of the metal results in increasing amplitude of the 
plasmon near the tip of the groove (compare curves 1 and 4 in Fig. 5a). On the other hand, 
increasing permittivity of the dielectric filling the gap (groove) results in decrease of the field 
enhancement near the tip (compare curves 2 and 4, and curves 1 and 3 in Fig. 5a). Therefore, 
to achieve larger enhancement of the local field near the tip, one should increase the permit-
tivity of the metal and decrease the permittivity of the dielectric. However, it is necessary to 
keep in mind that in this case, the applicability of GOA, used for the above analysis worsens 
(Fig. 2b), which may eventually result in increased errors of analysis and noticeable reflection 
of the plasmon. The determination of these errors and reflection can be done, for example, by 
means of numerical analysis of plasmon propagation in grooves with larger angles using the 
FDTD algorithm [17,18].
Increasing angle of incidence T0 results in a monotonous reduction of the local field 
enhancement at the tip of the groove (Fig. 5b). This is simply related to the fact that if the am-
plitude of the incident plasmon at infinity H200 = 1, and the angle of incidence T0 is increased,
then the initial energy flux S0y through the top side of the box in Fig. 4 is decreased. Due to 
energy conservation, this flux must be the same through the bottom side of the box (see 
above), but the direction of propagation of the plasmon near the tip is parallel to the y-axis, 
i.e. near the tip T = 0 (the same as for the case with T0 = 0). Therefore, energy conservation 
suggests that at an angle of incidence T0 z 0, the local field near the tip is equal to the local 
field at T0 = 0 (normal incidence onto the tip – Fig. 5a) multiplied by )cos( 0T . This is in ex-
cellent agreement with curves 1, 3, and 4 in Fig. 5b.
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If the angle of the groove is decreased, then the maximal enhancement is achieved at 
larger distances from the groove (compare curves 2 and 3 in Fig. 5b). This is because in GOA, 
the amplitude of the incident plasmon is a function of h that is related to the y-coordinate by 
means of Eq. (4). As a result, at smaller groove angles the same width of the groove is ob-
tained at larger distances from the tip (Eq. (4)).
Though Figs. 5a,b demonstrate maximal possible enhancement of the local field dur-
ing nano-focusing in a sharp metallic groove, they still do not give an idea about real achiev-
able enhancement that is expected to strongly depend on dissipation in the metal. It is obvious 
that the smaller the groove angle, the larger the distance that a plasmon should propagate to-
wards the tip in order to experience the considered field enhancement and focusing. There-
fore, consideration of plasmon propagation in the presence of real dissipation in the metal is 
essential for proper understanding of the possibility of achieving effective nano-focusing in 
real metallic nano-grooves.
In the most general case of arbitrary dissipation (i.e., arbitrary complex dielectric per-
mittivity of the metal H2 = e1 + ie2), instead of Eq. (14), the energy flux S in the gap plasmon
in a uniform gap with constant width h is determined as 
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where xp is the coordinate in the direction of plasmon propagation, and H20 is the amplitude of
the magnetic field at either metal interface at some arbitrary reference point along the direc-
tion of the wave propagation. Note that in the presence of dissipation, we are not able to as-
sume that the amplitude of the incident plasmon is equal to one at y = + f, since in this case, 
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the amplitude of the plasmon would have been zero at any finite value of y. Therefore, in-
stead, we assume that the amplitude of the incident plasmon H20 = 1 at some reference (finite) 
value of y (the specific choice of y will be explained below).
Though Eq. (16) is valid for arbitrary dissipation, below we will focus mainly on the 
approximation when the dissipation is weak: Q2 << Q1 (or e2 << °e1°). This is because only 
this situation presents an interest from the view-point of nano-focusing, noticeable propaga-
tion distances of the gap plasmons, and significant increase of their amplitudes (see below).
If the dissipation is weak (Q2 << Q1), then the imaginary part Q2 of the wave number q 
can be obtained from Eq. (2): 
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where Q1 is again determined by Eq. (11) (see also Fig. 2a).
In the presence of dissipation, Eq. (13) is no longer valid, since conservation of energy 
in this case should also involve dissipation of the plasmon along the direction of its propaga-
tion. Therefore, the following numerical procedure has been used for the determination of 
plasmon amplitude as a function of distance from the tip of the groove. Consider two points 
on the plasmon ray (x,y) and (x + dx, y + dy), that are separated by the distance dx0. Suppose 
that the angle between the ray and the y-axis at the point (x,y) is T. Then the variation of the 
flux in the plasmon between the two points will consist of two parts:
dS = dS0 + dSd,         (18)
where dS0 is the variation of the energy flux due to changing angle T (here, the index “0” in-
dicates that the flux variation is calculated at zero dissipation), and dSd is the variation of the 
energy flux due to dissipation of the plasmon along the direction of its propagation.
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As indicated above, the contribution dS0 is calculated in the absence of dissipation. In 
this case, according to Eq. (13),
)dcos()dSS(cosS 0 TT T ,
or
TT dtanSdS0 .         (19)
The contribution dSd is determined by differentiating Eq. (16) with respect to x0 and
assuming that H20 is the amplitude of the plasmon at the point (x,y). Thus,
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Therefore, we determine the contributions dS0 and dSd using Eqs. (17), (19), (20), and 
substitute them into Eq. (18) to determine the overall variation in the energy flux in the plas-
mon on its way from a point (x,y) to the point (x + dx, y + dy). This gives us the new energy 
flux at the point (x + dx, y + dy), and thus the amplitude of the plasmon at this point. In this 
way, we are able to calculate the amplitude of the plasmon at any point on the plasmon ray, if
we know this amplitude at a previous close point. This immediately gives a numerical algo-
rithm for calculating the amplitude of the plasmon as a function of y, if we know this ampli-
tude at some reference point on the plasmon ray (i.e., at some reference distance from the tip 
of the groove). The value of dx is calculated from a chosen value of dy and the angle T at the 
point (x,y), which is determined by Eq. (9).
The resultant numerical dependencies of the plasmon amplitude H20 on distance from
the tip of the groove are presented in Figs. 6a,b at different wavelengths for dielectric grooves 
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in silver. It can be seen that the typical behavior of the presented dependencies is that as the 
plasmon propagates towards the tip of the groove, it amplitude decreases at large distances 
from the tip. It goes through a minimum, and then strongly increases reaching a maximum. 
Further decrease of distance to the tip of the groove results in a monotonous decrease of the 
plasmon amplitude (Figs. 6a,b). All the curves in Figs. 6a are normalized to the amplitude of 
the plasmon at the mentioned minimum. In other words, the reference point with the ampli-
tude H20 = 1 is always chosen at the minimum of the plasmon amplitude (Figs. 6a,b). 
 The initial (exponential) decrease of the amplitude of the plasmon as it propagates to-
wards the tip is related to dissipation of two uncoupled surface plasmons representing the 
symmetric gap plasmon at relatively large distances from the tip. In this case, the two surface 
plasmons hardly interact with each other (due to large h), and thus the only mechanism of 
changing their amplitudes is dissipation in the metal. This obviously results in an exponen-
tially decreasing amplitude of the resultant gap plasmon with decreasing distance to the tip.  
 When the two surface plasmons propagate sufficiently close to the tip, where their 
coupling across the gap becomes noticeable, another mechanism of changing their amplitudes 
becomes noticeable. This is the amplitude increase due to energy conservation (see Figs. 
5a,b). This mechanism overpowers dissipation and results in a substantial increase of the 
plasmon amplitude. As a result, the amplitude of the symmetric gap plasmon starts increasing 
with decreasing distance to the tip of the groove (Figs. 6a,b).
 Further decrease of y results in progressively decreasing wavelength of the gap plas-
mon (which tends to zero as y o 0 – see Fig. 2a and Eq. (6)). However, the amplitude in-
crease due to energy conservation ceases (the curves in Figs. 5a,b reach plateaus near the tip). 
This means that the mechanism of decreasing amplitude due to dissipation again becomes 
dominant, and the curves in Figs. 6a,b, after going through maximum, start monotonously de-
creasing to zero near the tip of the groove.
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 If dissipation is strong enough, the mechanism of increasing amplitude of the gap 
plasmon, caused by energy conservation, may be completely suppressed. For example, this 
happens in the structure with H2 = – 16 + i, H1 = 5, E = 2o, T0 = 0o, Ovac = 0.6328 Pm, which 
does not display a maximum of plasmon amplitude, but rather its monotonous decrease to 
zero near the tip. Decreasing permittivity of the dielectric and increasing magnitude of the real 
part of the metal permittivity may result in a substantial increase of the efficiency of nano-
focusing in the considered structures (Fig. 6a). This is related to the substantial increase in 
efficiency of the mechanism of increasing amplitude of the gap plasmon due to energy con-
servation in such structures (see Figs. 5a,b). Decreasing dissipation (i.e., decreasing imaginary 
part of the metal permittivity) obviously results in increasing maximum of the plasmon ampli-
tude and shifting it to the left towards smaller distances from the tip (compare curves 2 and 4, 
and curves 1 and 3 in Fig. 6a).
Fig. 6b demonstrates the effect of the angle of incidence and the groove angle on the 
maximum of the plasmon amplitude during nano-focusing by sharp metallic grooves. 
Namely, increasing angle of the groove results in a significant increase of the amplitude 
maximum and shifting it to the left towards smaller distances to the tip (compare curves 1, 3 
and 5 in Fig. 6b). This is expected since increasing groove angle results in more rapid varia-
tions of the width of the gap, and thus in more rapid increase of the plasmon amplitude due to 
the energy conservation mechanism (because the amplitude of the plasmon in this mechanism 
depends only on local gap width h – see Figs. 5a,b and Eq. (4)). This means that the effect of 
dissipation will be diminished, because the amplitude of the plasmon is increased by the en-
ergy conservation mechanism within smaller distance intervals. Thus the mechanism of in-
creasing plasmon amplitude becomes more dominant. As a result, the amplitude maximum is 
reached at smaller distances to the tip, and it is higher than for smaller groove angles.  
Increasing angle of incidence T0 results in decreasing maximum amplitude (compare 
curves 1 and 2, and 3 and 4 in Fig. 6b). This effect has the same explanation as in the case 
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without dissipation and is related to decreasing the y-component of the energy flux in the in-
cident plasmon at the reference point (see above).  
Note that the suggested choice of the reference points for the incident plasmons (with 
H20 = 1) at the distance from the tip where the plasmon amplitude reaches the minimum is 
convenient, since it immediately gives the information about the maximal possible enhance-
ment of the local field in the considered structure with dissipation. This enhancement is thus 
given by the value of the plasmon amplitude at the point of its maximal increase (Figs. 6a,b). 
For example, up to ~ 5 times enhancement of the local field can easily be achieved in the con-
sidered structures. Such a situation can be achieved in practice by using the end-fire excitation 
of the incident plasmon in a groove (gap) of ~ 10 Pm deep (this depth corresponds to the 
minimum amplitude in Figs. 6a,b). Use of deeper grooves will result in additional energy 
losses in the focused plasmon on its way towards the point with the minimal amplitude. Use 
of shallower grooves will result in less efficient enhancement, which in this case will be given 
by the ratio of the maximal amplitude (Figs. 6a,b) to the amplitude at the point of the end-fire 
excitation, which will be somewhere between the maximum and minimum of the plasmon 
amplitude in Figs. 6a,b. Thus the position of the minimum on the dependencies of the plas-
mon amplitude on distance from the tip of the groove (Figs. 6a,b) determines the optimal 
depth of the groove for maximal plasmon focusing and local field enhancement.  
Numerical verification of the proposed geometrical optics approach can be conducted 
using FDTD algorithm [41]. In particular, it has been shown that for the considered structures 
with E = 5o and normal incidence of the gap plasmon (T0 = 0), the difference between the ap-
proximate theory based on the geometrical optics approach and the numerical analysis is ~ 
5% [41]. Since this groove angle corresponds to the boarder line for the applicability of GOA, 
the obtained agreement can be regarded as very good. Note however, that due to its numerical 
inefficiency, the FDTD approach can hardly be used for the analysis of nano-focusing in 
grooves with smaller angles and at non-normal incidence (T0 z 0) [41]. This is because of 
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very strong localization of the gap plasmons during nano-focusing and large propagation dis-
tances (~ 10 Pm – see above), which requires very fine discretization of the structure in three 
dimensions within large distances. On the other hand, GOA is not applicable for grooves with 
E t Ec2 ~ 7o. This makes the numerical FDTD analysis [41] and the presented GOA approach 
rather complimentary to each other.  
5. CHANNEL PLASMON-POLARITONS 
In the previous sections, we considered propagation of gap plasmons incident onto the 
tip of a sufficiently sharp dielectric groove in a metal by means of GOA. On the other hand, it 
has been demonstrated in our previous publications [17,18] that V-shaped grooves can sup-
port a new type of plasmonic modes that are strongly localized near the tip of the groove and 
propagate along it. In particular, it has been shown that CPPs can exist only if the groove an-
gle E is smaller than a critical angle Ec1 (which in the case of the silver-vacuum structure and 
Ovac = 0.6328 Pm is Ec1 | 75o [17]).
The analysis of the CPP modes in V-grooves has been conducted by means of the 
FDTD algorithm [17,18]. However, it is possible to expect that GOA might also be used for 
the analysis of CPP modes in sufficiently sharp grooves. The effective permittivity for the 
symmetric gap plasmon propagating in such a groove is defined as Heff = [Q1(y)c/Z]1/2. It in-
creases with decreasing distance to the tip of the groove, due to increasing Q1 (see Eq. (6) and 
Fig. 2a). Thus the groove forms a kind of a waveguide for gap plasmons with gradually 
changing permittivity Heff. A CPP mode could then be represented by a symmetric gap plas-
mon successively reflecting from the tip of the groove and the turning point (simple caustic) – 
Fig. 7. The wave vector for the CPP mode is equal to the x-component of the wave vector of 
the symmetric gap plasmon qcpp = Q1x.
23
Note that the main difference between this situation and the previously considered 
nano-focusing of symmetric gap plasmons is that in the case of a CPP mode no incident gap 
plasmon should exist. The gap plasmon representing the CPP mode should be confined to a 
region close to the tip of the groove and cannot leave this region, because CPP modes are 
non-radiative structural eigenmodes [17,18,20]. This is very similar to a non-radiative mode
guided by a dielectric slab.
Note that this method of analysis of CPP modes is analogous to the geometrical acous-
tic approach used for the investigation of localized acoustic modes propagating along a suffi-
ciently sharp elastic wedge [41,42].
Only symmetric gap plasmons can be used for the representation of CPP modes. This 
is because the effective permittivity for an antisymmetric gap plasmon (as well as its wave 
vector) decreases with decreasing distance from the tip of the groove. As a result, no guiding 
effect near the tip of the groove can be achieved in this case.
The turning point yt (simple caustic) is then determined by the condition 
cppyy1
q)y(Q
t
 
 
. In this case, the gap plasmon representing the CPP mode propagates paral-
lel to the tip of the groove (Fig. 7).
All this is very similar to acoustic waves in acute elastic wedges [41,42]. However, the 
major difference is that if h o 0, then Q1 v h–1 (see Eq. (6)), whereas in acoustics the corre-
sponding wave vector of the plate mode was v h–1/2 [41,42]. As a result, the Bohr-
Sommerfeld quantization condition [41,42]
ndyqQ
ty
0
2
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2
1 S ³ (n = 1, 2, 3, …), (21)
that should be used for determination of wave vectors of CPPs results in a diverging (at zero)
integral. Therefore, it cannot be used for the determination of dispersion of CPP modes.
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 Physically, this is related to the fact that if GOA is applicable near the tip of the 
groove (see conditions (1), (7) and (8)), then a symmetric gap plasmon propagating towards 
the tip at any possible angle T will travel an infinite optical path until it reaches the tip. As in-
dicated above, such plasmons cannot be reflected back from the tip even if dissipation is dis-
regarded. The plasmon asymptotically stops at the tip and will have infinite localization. As a 
result, the localization of the corresponding CPP mode near the tip of the groove will also be 
infinite, qcpp = + f, and this corresponds to zero wavelength and velocity. In other words, the 
CPP mode does not exist in the considered structure.  
 Thus CPP modes do not exist in a groove if GOA is applicable. On the contrary, if 
GOA is not applicable near the tip of the V-groove, then the integral in Eq. (21) and its diver-
gence at y = 0 do not have a physical meaning. The gap plasmon representing a CPP mode 
does not propagate up to the tip of the groove, but rather is reflected on its way there. Thus, 
the CPP mode can indeed be represented by a gap mode successively reflecting from the tip 
of the groove and the turning point. However, GOA cannot be used in this case for the deter-
mination of dispersion of CPP modes, and other methods have to be used instead [17,18,20].  
Nevertheless, the above consideration of CPP modes in GOA have lead to one impor-
tant result. This is the conclusion that CPP modes can exist only if GOA is not applicable near 
the tip of the groove. Thus, according to the applicability condition of GOA near the tip (Eqs. 
(7) and (8)), we can write the existence condition for CPP modes in a V-groove as follows:
E Ҕ Ec2.           (22) 
This condition is thus opposite to inequality (8). It determines a lower critical angle 
Ec2 below which CPP modes do not exist in a V-shaped groove. Thus, CPPs exist only within 
the range of angles:  
Ec2 ғ E < Ec1,           (23) 
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where Ec1 was determined numerically in [17] as the upper critical angle above which CPPs 
do not exist because they become coupled to surface plasmons on the sides of the groove [17]. 
Now it is clear why we used the index “2” for the critical angle Ec2 (see also Eq. (8)). This is 
because of the existence of two critical angles determining the existence condition for CPP 
modes in metallic V-grooves. For example, for a silver-vacuum V-groove at the vacuum 
wavelength Ovac = 0.6328 Pm, we have Ec1 | 75o [17], and Ec2 | 7o (see above).  
 Note that the existence of the lower critical angle is difficult to demonstrate using the 
FDTD algorithm. This is because it is hardly possible to conduct FDTD analysis of CPPs with 
infinite (or very large) localization that is typical near or below the lower critical angle (see 
also the end of Section 4).  
6. CONCLUSIONS 
 A possibility of effective nano-focusing of symmetric gap plasmons in metallic V-
grooves with sufficiently small angles has been demonstrated by means of the geometrical 
optics approximation. It has been shown in the approximation of continuous electrodynamics 
that such two-dimensional plasmons asymptotically stop at the tip of the groove with both 
their phase and group velocities tending to zero, and the wave vector to infinity. As a result, 
any symmetric gap plasmon incident onto the tip of the groove at any initial angle will not 
experience reflection from the tip. It will rather propagate an infinite optical path until it 
reaches the tip, and thus eventually dissipates in the metal.  
 As the plasmon propagates towards the tip of the groove, its amplitude has been 
shown to increase substantially, but to a finite value (contrary to the focusing in a tapered me-
tallic tip [27]). The effect of dissipation on the nano-focusing by means of a metallic V-
groove was analyzed in detail. In particular, a method for optimizing the groove for achieving 
maximal local field enhancement was described. The effect of angle of incidence and struc-
tural parameters of the groove on nano-focusing and local field enhancement was investigated 
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theoretically. Applicability conditions for the obtained results and the used geometrical optics 
approach were derived and discussed.
 The analysis of channel plasmon-polaritons in V-grooves by means of GOA demon-
strated the impossibility of using this method for the determination of dispersion of CPPs in 
sharp V-shaped grooves, due to divergence of the integral in the Bohr-Sommerfeld condition. 
However, it has also been shown that a CPP mode can nevertheless be represented by a sym-
metric gap plasmon successively reflecting from the tip of the groove and the turning point. 
Thus this plasmon is guided by the groove, forming a CPP mode. In addition, this considera-
tion has resulted in the derivation of a new existence condition for CPP modes in V-shaped 
grooves. This condition introduced the second (lower) critical angle of the groove, below 
which CPP modes do not exist, since they appear to be infinitely localized near the tip and 
thus have zero velocity. Only if the groove angle exceeds the lower critical angle can CPP 
modes exist in a V-groove. Combined with the upper critical angle (above which CPP do not 
exist [17]), the determined lower critical angle gives the range of groove angles for which 
CPPs can propagate along a V-groove and have sub-wavelength localization [17,18].
 The conducted analysis of existence conditions for CPPs in V-grooves is particularly 
important since the developed numerical methods of analysis largely fail at the considered 
small groove angles [17]. The obtained results will also be important for further development 
of near-field optical microscopy [22-29] and deeper understanding of physical phenomena 
resulting from interaction of electromagnetic waves with metallic nano-structures.  
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FIGURE CAPTIONS 
 Fig. 1. (a) The analyzed structure with a dielectric groove of angle E. H1 is the permit-
tivity of the dielectric filling the groove, and H2 is the metal permittivity. (b) A ray represent-
ing the direction of propagation of a symmetric gap plasmon in the groove in the geometrical 
optics approximation. T0 is the angle of propagation of the gap plasmon at large distances 
from the tip of the groove, where the coupling between the two surface plasmons representing 
the gap plasmon is negligible.
 Fig. 2. a) The dependencies of the wave number Q1 of the symmetric gap plasmon on 
gap width h for the following parameters: (1) e1 = – 6.5, H1 = 1, vacuum wavelength Ovac = 
0.4592 Pm, (2) e1 = – 16, H1 = 1, Ovac = 0.6328 Pm, (3) e1 = – 58.8, H1 = 2.5, Ovac = 1.127 Pm, 
(4) e1 = – 58.8, H1 = 1, Ovac = 1.127 Pm. b) The dependencies of the left-hand side of inequal-
ity (1) on distance from the tip of the groove with the angle E = 2o for the following parame-
ters: (1) e1 = – 96.6, H1 = 2.5, Ovac = 1.631 Pm, (2) e1 = – 58.8, H1 = 2.5, Ovac = 1.127 Pm, (3) e1
= – 16, H1 = 1, Ovac = 0.6328 Pm, (4) e1 = – 58.8, H1 = 5, Ovac = 1.127 Pm, (5) e1 = – 16, H1 = 
2.5, Ovac = 0.6328 Pm. Curve 3 in (b) also approximately corresponds to the other structure 
with e1 = – 58.8, H1 = 2.5, Ovac = 1.127 Pm, and E = 1o. The metal permittivities correspond to 
silver at the indicated wavelengths [37,38].  
 Fig. 3. Typical plasmon rays in the silver-vacuum grooves with the angles: 1) E = 1o,
2) E = 2o, and 3) E = 5o. Three different angles of incidence are considered: Dashed curves: T0
= 75
o
, Solid curves: T0 = 45o, and Dotted curves: T0 = 25o. The initial y-coordinates for all the 
rays correspond to the same width of the groove (gap): h | 28.3 nm. The permittivities are for 
the silver-vacuum structure at Ovac = 0.6328 Pm: H1 = 1, e1 = – 16 [37,38].
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 Fig. 4. Imaginary box containing the groove for the determination of energy conserva-
tion in the incident gap plasmon. The box extends into the positive and negative z-directions 
into the regions where the plasmon field is negligible (or it is infinitely long along the z-axis).  
 Fig. 5. a) The dependencies of the normalized amplitude of the magnetic field in the 
metal H20(y)/H200 (H200 { H20(f)) in a symmetric gap plasmon incident onto the tip of the 
groove on distance to the tip in the absence of dissipation at the angle of incidence T0 = 0, the 
groove angle E = 2o, and different permittivities of the metal and dielectric in the groove: (1) 
e1 = – 58.8, H1 = 2.5, Ovac = 1.127 Pm, (2) e1 = – 16, H1 = 1, Ovac = 0.6328 Pm, (3) e1 = – 58.8, 
H1 = 5, Ovac = 1.127 Pm, (4) e1 = – 16, H1 = 2.5, Ovac = 0.6328 Pm. b) The dependencies 
H20(y)/H200 for a symmetric plasmon at e1 = – 16, H1 = 1, Ovac = 0.6328 Pm, and different val-
ues of T0 and E: (1), T0 = 0, E = 4o, (2) T0 = 45o, E = 1o, (3) T0 = 45o, E = 4o, (4) T0 = 75o, E = 
4
o
. The metal permittivities correspond to silver at the indicated wavelengths [37,38].  
 Fig. 6. The y-dependencies of the normalized amplitude of the magnetic field in the 
metal H20(y)/H20min (H20min is the amplitude of the plasmon at the local minimum of the ampli-
tude) in a symmetric gap plasmon incident onto the tip of the groove in the presence of dissi-
pation. a) Same values of T0 = 0, E = 2o, but different permittivities: 1) H2 = – 58.8 +i (does not 
correspond to a particular metal), H1 = 2.5, Ovac = 1.127 Pm; 2) H2 = – 16 +0.52i (Ag [38]), H1 = 
1, Ovac = 0.6328 Pm; (3) H2 = – 58.8 + 3.85i (Ag [37]), H1 = 2.5, Ovac = 1.127 Pm; (4) H2 = – 16 
+i (Ag [37]), H1 = 1, Ovac = 0.6328 Pm; (5) H2 = – 16 +i (Ag [37]), H1 = 2.5, Ovac = 0.6328 Pm. 
b) Permittivities H2 = – 16 +0.52i, H1 = 1, Ovac = 0.6328 Pm, but different angles: (1) T0 = 0, E
= 4
o
, (2) T0 = 45o, E = 4o, (3) T0 = 0, E = 2o, (4) T0 = 45o, E = 2o, (5) T0 = 0, E = 1o.
 Fig. 7. Geometrical optics representation of a CPP mode in a metallic V-groove with 
the tip at y = 0. The symmetric gap plasmon with the wave vector Q1(y), representing the CPP 
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mode, is successively reflected from the tip of the groove and the turning point (caustic); the 
wave vector of the CPP mode qcpp = Q1x.
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Fig. 1. (a) The analyzed structure with a dielectric groove of angle E. H1 is the permittivity of
the dielectric filling the groove, and H2 is the metal permittivity. (b) A ray representing the di-
rection of propagation of a symmetric gap plasmon in the groove in the geometrical optics
approximation. T0 is the angle of propagation of the gap plasmon at large distances from the 
tip of the groove, where the coupling between the two surface plasmons representing the gap 
plasmon is negligible.
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Fig. 2. a) The dependencies of the wave number Q1 of the symmetric gap plasmon on gap 
width h for the following parameters: (1) e1 = – 6.5, H1 = 1, vacuum wavelength Ovac = 0.4592 
Pm, (2) e1 = – 16, H1 = 1, Ovac = 0.6328 Pm, (3) e1 = – 58.8, H1 = 2.5, Ovac = 1.127 Pm, (4) e1 = 
– 58.8, H1 = 1, Ovac = 1.127 Pm. b) The dependencies of the left-hand side of inequality (1) on 
distance from the tip of the groove with the angle E = 2o for the following parameters: (1) e1 = 
– 96.6, H1 = 2.5, Ovac = 1.631 Pm, (2) e1 = – 58.8, H1 = 2.5, Ovac = 1.127 Pm, (3) e1 = – 16, H1 = 
1, Ovac = 0.6328 Pm, (4) e1 = – 58.8, H1 = 5, Ovac = 1.127 Pm, (5) e1 = – 16, H1 = 2.5, Ovac = 
0.6328 Pm. Curve 3 in (b) also approximately corresponds to the other structure with e1 = – 
58.8, H1 = 2.5, Ovac = 1.127 Pm, and E = 1o. The metal permittivities correspond to silver at the 
indicated wavelengths [37,38].
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Fig. 3. Typical plasmon rays in the silver-vacuum grooves with the angles: 1) E = 1o, 2) E = 
2
o
, and 3) E = 5o. Three different angles of incidence are considered: Dashed curves: T0 = 75o,
Solid curves: T0 = 45o, and Dotted curves: T0 = 25o. The initial y-coordinates for all the rays 
correspond to the same width of the groove (gap): h | 28.3 nm. The permittivities are for the 
silver-vacuum structure at Ovac = 0.6328 Pm: H1 = 1, e1 = – 16 [37,38].
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Fig. 4. Imaginary box containing the groove for the determination of energy conservation in 
the incident gap plasmon. The box extends into the positive and negative z-directions into the 
regions where the plasmon field is negligible (or it is infinitely long along the z-axis).
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Fig. 5. a) The dependencies of the normalized amplitude of the magnetic field in the metal
H20(y)/H200 (H200 { H20(f)) in a symmetric gap plasmon incident onto the tip of the groove on 
distance to the tip in the absence of dissipation at the angle of incidence T0 = 0, the groove 
angle E = 2o, and different permittivities of the metal and dielectric in the groove: (1) e1 = – 
58.8, H1 = 2.5, Ovac = 1.127 Pm, (2) e1 = – 16, H1 = 1, Ovac = 0.6328 Pm, (3) e1 = – 58.8, H1 = 5, 
Ovac = 1.127 Pm, (4) e1 = – 16, H1 = 2.5, Ovac = 0.6328 Pm. b) The dependencies H20(y)/H200
for a symmetric plasmon at e1 = – 16, H1 = 1, Ovac = 0.6328 Pm, and different values of T0 and 
E: (1), T0 = 0, E = 4o, (2) T0 = 45o, E = 1o, (3) T0 = 45o, E = 4o, (4) T0 = 75o, E = 4o. The metal
permittivities correspond to silver at the indicated wavelengths [37,38].
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Fig. 6. The y-dependencies of the normalized amplitude of the magnetic field in the metal
H20(y)/H20min (H20min is the amplitude of the plasmon at the local minimum of the amplitude)
in a symmetric gap plasmon incident onto the tip of the groove in the presence of dissipation. 
a) Same values of T0 = 0, E = 2o, but different permittivities: 1) H2 = – 58.8 +i (does not corre-
spond to a particular metal), H1 = 2.5, Ovac = 1.127 Pm; 2) H2 = – 16 +0.52i (Ag [38]), H1 = 1, 
Ovac = 0.6328 Pm; (3) H2 = – 58.8 + 3.85i (Ag [37]), H1 = 2.5, Ovac = 1.127 Pm; (4) H2 = – 16 +i 
(Ag [37]), H1 = 1, Ovac = 0.6328 Pm; (5) H2 = – 16 +i (Ag [37]), H1 = 2.5, Ovac = 0.6328 Pm. b)
Permittivities H2 = – 16 +0.52i, H1 = 1, Ovac = 0.6328 Pm, but different angles: (1) T0 = 0, E = 
4
o
, (2) T0 = 45o, E = 4o, (3) T0 = 0, E = 2o, (4) T0 = 45o, E = 2o, (5) T0 = 0, E = 1o.
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Fig. 7. Geometrical optics representation of a CPP mode in a metallic V-groove with the tip at 
y = 0. The symmetric gap plasmon with the wave vector Q1(y), representing the CPP mode, is 
successively reflected from the tip of the groove and the turning point (caustic); the wave vec-
tor of the CPP mode qcpp = Q1x.
